Src phosphorylates Runx1 on one central and four C-terminal tyrosines. We find that activated Src synergizes with Runx1 to activate a Runx1 luciferase reporter. Mutation of the four Runx1 C-terminal tyrosines to aspartate or glutamate to mimic phosphorylation increases trans-activation of the reporter in 293T cells and allows induction of Cebpa or Pu.1 mRNAs in 32Dcl3 myeloid cells, whereas mutation of these residues to phenylalanine to prevent phosphorylation obviates these effects. Three mechanisms contribute to increased Runx1 activity upon tyrosine modification as follows: increased stability, reduced histone deacetylase (HDAC) interaction, and increased DNA binding. Mutation of the five modified Runx1 tyrosines to aspartate markedly reduced co-immunoprecipitation with HDAC1 and HDAC3, markedly increased stability in cycloheximide or in the presence of co-expressed Cdh1, an E3 ubiquitin ligase coactivator, with reduced ubiquitination, and allowed DNA-binding in gel shift assay similar to wild-type Runx1. In contrast, mutation of these residues to phenylalanine modestly increased HDAC interaction, modestly reduced stability, and markedly reduced DNA binding in gel shift assays and as assessed by chromatin immunoprecipitation with the ؊14-kb Pu.1 or ؉37-kb Cebpa enhancers after stable expression in 32Dcl3 cells. Affinity for CBF␤, the Runx1 DNA-binding partner, was not affected by these tyrosine modifications, and in vitro translated CBF␤ markedly increased DNA affinity of both the translated phenylalanine and aspartate Runx1 variants. Finally, further supporting a positive role for Runx1 tyrosine phosphorylation during granulopoiesis, mutation of the five Src-modified residues to aspartate but not phenylalanine allows Runx1 to increase Cebpa and granulocyte colony formation by Runx1-deleted murine marrow.
Runx1/AML1 directs the emergence of long term adult hematopoietic stem cells from hemogenic endothelium during development and subsequently contributes to lymphoid, myeloid, and megakaryocyte lineage development (1) (2) (3) (4) . Runx1 contributes to myeloid lineage specification in part via induction of Pu.1 via its Ϫ14-kb enhancer and of Cebpa via its ϩ37-kb enhancer (4 -7) . Runx1 gene deletion in adult mice reduces both Pu. 1 and Cebpa RNA levels in marrow myeloid progenitors, with consequent reduced granulopoiesis and increased monopoiesis (4) . In addition to directing differentiation, Runx1 favors G 1 to S cell cycle progression, in part via induction of cdk4 and cyclin D3, and inhibits apoptosis, in part due to suppression of p53 induction and stimulation of Bcl-2 expression (8 -11) .
Inactivating RUNX1 point mutations or expression of dominant-inhibitory RUNX1 fusion proteins are common in human acute myeloid leukemia and myelodysplastic syndrome (12, 13) . Consequent reduction in Pu. 1 and Cebpa transcription likely contributes to impaired differentiation and myeloid transformation (14) . RUNX1 alterations are also present in solid tumors, including gene mutations in breast cancer and esophageal adenocarcinoma and increased expression in squamous cell carcinomas (15) .
Runx1 binds DNA at 5Ј-PuACCPuCA-3Ј consensus sites via its N-terminal Runt domain, and interaction of the Runt domain with CBF␤/PEPB2␤ markedly increases Runx1 DNA affinity (16, 17) , in part reflecting relief of C-terminal autoinhibition of Runx1 DNA interaction (18, 19) . CBF␤ also stabilizes Runx1 by inhibiting its ubiquitin-mediated proteolysis (20) . Once bound to DNA, Runx1 activates or represses transcription dependent on gene and cellular context, in part mediated by interaction of a central trans-activation domain with the p300/CBF co-activators and of a C-terminal repression domain with HDAC1 or HDAC3 (21) (22) (23) .
Several post-translational modifications have been found to regulateRunx1activity (15) .Forexample,Ser-249/Ser-266phosphorylation by ERK or Lys-206/Lys-210 methylation by PRMT1 reduces interaction with mSin3a to increase trans-activation (24, 25) , and Ser-21/Ser-249/Ser-266/Ser-397 phos-phorylation by cyclin-dependent kinase increases Runx1 transactivation potency by reducing HDAC 2 interaction and prevents ubiquitin-mediated Runx1 degradation (23, 26, 27) .
In addition, Src phosphorylates Runx1(Tyr-260), and a cluster of C-terminal tyrosines, Tyr-375, Tyr-378, Tyr-379, and Tyr-386; Runx1(5F), in which these five tyrosines are changed to phenylalanine, preventing phosphorylation, induces megakaryopoiesis from wild-type marrow and rescues CD8 T cell development from Runx1-deleted marrow more potently than Runx1(5D), in which these tyrosines are changed to aspartic acid to mimic phosphorylation or wild-type Runx1; and SHP2 interacts with Runx1 and reduces its tyrosine phosphorylation (28) .
Neither the effect of Runx1 tyrosine modification on intrinsic Runx1 trans-activation potency nor the role of Runx1 tyrosine phosphorylation during normal granulopoiesis has been previously investigated. We find that activated Src strongly increases Runx1 activity in 293T cells and that conversion of the five Runx1 tyrosines modified by Src to phenylalanine to generate Runx1(5F) markedly reduces activation of a model reporter in 293T cells, and Runx1(4F) induces Pu.1 or Cebpa less effectively than wild-type Runx1 in 32Dcl3 myeloid cells. Potentially accounting for these findings, Runx1 tyrosine modification on these residues markedly reduces HDAC1 and HDAC3 interaction and increases steady-state Runx1 expression and stability, although lack of phosphorylation reduced DNA affinity in gel shift or myeloid chromatin immunoprecipitation (ChIP) assays. In addition, Runx1(5D) rescues formation of granulocyte progenitors from Runx1-deleted marrow more potently than does Runx1(5F).
Experimental Procedures
Cell Culture-293T cells (ATCC) were cultured in Dulbecco's modified Eagle's medium with 10% heat-inactivated fetal bovine serum (HI-FBS, Hyclone) and transiently transfected using Lipofectamine 2000 (Invitrogen). Luciferase and ␤-galactosidase assays were conducted for 48 h as described (26) . Cycloheximide was provided at 50 g/ml. 32Dcl3 cells (29) cultured in Iscove's modified Dulbecco's medium (IMDM) with 1 ng/ml murine interleukin 3 (IL-3, Cell Signaling) and penicillin/ streptomycin were subjected to retroviral transduction as described (4) . Subclones were obtained by limiting dilution. 4-Hydroxytamoxifen (4HT) was utilized at 200 nM. 32Dcl3 cells were washed twice with phosphate-buffered saline (PBS) prior to transfer to IMDM with 10% HI-FBS and 20 ng/ml G-CSF (Amgen). PP2 (Millipore) in DMSO was provided at 20 M final concentration from a 1000ϫ stock.
Plasmids-(Runx1) 4 TKLUC, CMV-␤Gal, pCEFL-Src(E381G), pBabePuro-Runx1-ER(T), CMV-CBF␤, CMV-FLAG-HDAC1, CMV-FLAG-HDAC3, CMV-HA-Cdc20, CMV-HA-Cdh1, pMIG, and pMIGC were previously described (4, 16, 23, 26, 27, 30, 31) . CMV-HA-ubiquitin was obtained commercially (Addgene). The cDNA encoding the Runx1b isoform of murine Runx1 and its 5F, 5D, and 2F variants (28) were transferred to pcDNA3. The 4F, 4D, 1F, and 1D variants were then generated by subcloning taking advantage of a BamHI site separating Tyr-260 and the C-terminal tyrosine cluster (Fig. 1A) . The 2F*, 2E, and 2E* variants were generated by synthesis (Blue Heron) and ligation of 584-bp BamHI/EcoRI fragments. pEF1␣-FLAG-Bio -Runx1 and its mutant variants and pEF1␣-birA were described (28) . pBabePuro-Runx1(4F)-ER(T) and Runx1(4E)-ER(T) were generated from pBabePuro-Runx1-ER(T) by synthesis and ligation of 589-bp BamHI/MluI fragments. Runx1 and its variants were inserted into pMIGC as XhoI/EcoRI fragments.
Protein and RNA Expression-Total cellular proteins were generated in Laemmli sample buffer and subjected to Western blotting as described (23) . Antibodies used were as follows: C/EBP␣ (14AA), PU.1 (D-19), HA (Y-11), ER␣ (MC-20), or lamin B (M-20; Santa Cruz Biotechnology); Runx1 (Active Motif); Tyr(P) (4G10; Millipore); HDAC1 (Ab7028) or HDAC3 (3G6; Abcam); HA (16B12; Biolegend); FLAG (M2) or ␤-actin (AC-15; Sigma); GAPDH (14C10; Cell Signaling); or CBF␤ (32) . Total cellular RNA was prepared with the NucleoSpin RNA II kit, including use of RNase-free DNase (Machery-Nagel). Firststrand cDNA was prepared with avian myeloblastosis virus reverse transcriptase (Promega) and oligo(dT) primer at 42°C for 1 h. Quantitative PCR was performed with 5 ng of each cDNA with the use of iQ SYBR Green (Bio-Rad). Oligonucleotides used were Cebpa-F, Cebpa-R, Pu.1-F, Pu.1-R, Runx1-F, Runx1-R, Actin-F, Actin-R, mS16-F, and mS16-R (4).
DNA Binding Analysis-Nuclear extracts were generated from transfected 293T cells and subjected to gel shift analysis as described using a radiolabeled Runx1-binding site from the myeloperoxidase promoter (4). Bradford assay was used to quantify and equalize protein amounts. Proteins generated by coupled in vitro transcription and translation using rabbit reticulocyte lysate (Promega) were analyzed similarly. ChIP was conducted using 1E6 32Dcl3 cells and 2 g ER␣ antiserum or normal rabbit IgG as described (4), followed by quantitative amplification of input or precipitated genomic DNAs using CEBPA-enhR3-F plus CEBP-enhR4-R, CEBPA-2500F plus CEBPA-2500R, actin-1500F and actin-1500R (4), or PU.1enhF (CTGGTGGCAAGAGCGTTTC) and PU.1enhR (CCACATC-GGCAGCAGCAAG) primers.
Protein Immunoprecipitation-Co-immunoprecipitation (co-IP) of Runx1 or its variants with FLAG-HDAC1 or FLAG-HDAC3, or of Runx1 variants with HA-ubiquitin, in 293T cells was assessed in the presence of 20 mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM DTT, 0.2% Nonidet P-40, 0.2% Triton X-100, 0.2% deoxycholate, 10% (w/v) glycerol, 1 mM NaF, 1 mM sodium orthovanadate, 1 mM PMSF, and a protease inhibitor mixture (Sigma) as described (23) . For analysis of Runx1-ER(T) tyrosine phosphorylation in 32Dcl3 cells, Western blotting for Tyr(P) was conducted after similar IP using ER␣ antiserum, after the 32Dcl3 cells were pretreated with 1.25 mM sodium orthovanadate for 15 min to inhibit endogenous tyrosine phosphatases. To analyze interaction of FLAG-Bio Runx1 with CBF␤, these proteins were co-expressed with birA in 293T cells, followed by agarose-streptavidin pulldown and CBF␤ Western blotting, as described (28). Marrow Transduction-Retroviral vectors were packaged by transient transfection into 293T cells with pkat2ecopac, and supernatants were filtered and used to transduce marrow isolated from 14-to 16-week-old Runx1(f/f) mice that had been subjected to one 5-fluorouracil injection 6 days prior to marrow harvest, as described (4) . Four days after initiating transduction, cells were lineage-depleted, and GFP ϩ cells were isolated by flow cytometry and plated at 1E3/ml in methylcellulose with IMDM, 10% HI-FBS (Methocult 3231, Stem Cell Technology) supplemented with 10 ng/ml murine IL-3, 10 ng/ml murine IL-6, and 10 ng/ml murine stem cell factor (PeproTech). Hematopoietic colonies were enumerated 8 days later based on colony structure.
Statistics-Means and standard errors are shown. The Student's t test was used for statistical comparisons. Band intensities were quantified with ImageJ software from National Institutes of Health.
Results

Runx1 Tyrosine Phosphorylation Increases Trans-activation-
The locations of the five Runx1 tyrosines modified by Src are diagrammed, and tyrosine clusters changed to aspartate (Asp), glutamate (Glu), or phenylalanine (Phe) are listed ( Fig.  1A ). (Runx1) 4 TKLUC, containing four Runx1 consensus sites positioned upstream of a minimal thymidine kinase promoter and luciferase cDNA, was co-transfected into 293T cells with CMV expression vectors for wild-type Runx1 (WT) or its 5F, 5D, 4F, 4D, 1F, or 1D variants ( Fig. 1B, top) . Relative to empty CMV vector, Runx1 activated the reporter 5-fold, on average, and 5F and 4F showed minimal activation, whereas 1F had activity similar to WT. 5D was twice as active as WT, and 4D or 1D showed mildly increased activity. Total cellular proteins obtained after transfection of equal quantities of each expression vector were assessed for Runx1 and actin expression by Western blotting (Fig. 1B, bottom) . Despite having markedly reduced activity, 5F and 4F were expressed at levels equal to or greater than WT. 4D was expressed at mildly increased levels and 5D at markedly increased levels, potentially accounting in part for their increased activity. 4D and 5D also manifested slower mobility, likely reflecting their increased negative charge.
We then assessed the effect of co-expressed activated Src on the activities of Runx1 or its 5F variant (Fig. 1C, top) . Src generated 2.5-fold, Runx1 4.2-fold, and their combination 31-fold activation, displaying marked synergy, whereas Src only increased activation by 5F 2.6-fold, essentially identical to the activity of Src alone. Western blot analysis demonstrated that B, 150 ng of (Runx1) 4 TKLUC was co-transfected into sub-confluent 293T cells in a 24-well plate with 0.8 ng of CMV-␤Gal and 5 ng of either pcDNA3 (CMV) or pcDNA3 vectors expressing wild-type Runx1 (WT) or its indicated tyrosine variants. The ratio of luciferase/␤-galactosidase activity was assessed at 48 h, and the values relative to CMV, which was set on average to 1.0, are shown (mean and S.E. from three determinations). *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001 (top). 293T cells in 6-well plates were transfected with 1 g of CMV or CMV-Runx1 expression vectors, and total cellular proteins were assessed at 48 h for Runx1 and ␤-actin expression by Western blotting (bottom). C, 293T cells were transfected with (Runx1) 4 TKLUC, CMV-␤Gal, and CMV, CMV-Runx1, or CMV-5F, alone or with 40 ng of CEFL-Src. Activation relative to CMV alone is shown (mean and S.E. from three determinations). The fold effect of Src expression on the average activity of CMV, Runx1, or 5F is also indicated (top). 293T cells in 6-well dishes were transfected with 250 ng of CMV, CMV-Runx1, or CMV-5F, alone or with 1 g of CEFL-Src, and total cellular proteins were assessed at 48 h for Runx1 and ␤-actin expression (bottom). D, activation of the Runx1 reporter and protein expression was assessed as in A for WT Runx1 and its indicated variants (mean and S.E. from three determinations). E, activation by FLAG-Bio Runx1 or its indicated variants and their expression in 293T cells is shown (mean and S.E. from three determinations). F, 293T cells were transfected with (Runx1) 4 TKLUC, CMV-␤Gal, and CMV, CMV-Runx1, or CMV-5F, alone or with 5 ng of CMV-CBF␤. Activation relative to CMV alone is shown (mean and S.E. from three determinations). 293T cells in 6-well dishes were transfected with 1 g of CMV, CMV-Runx1, or CMV-5F, alone or with 1 g of CMV-CBF␤, and total cellular proteins were assessed at 48 h for Runx1, ␤-actin, and CBF␤ expression by Western blotting (bottom).
Src also increased the expression of Runx1, including acquisition of a more slowly migrating band, with these effects also evident to a lesser extent with 5F (Fig. 1C, bottom) . During granulopoiesis, G-CSF receptor signaling not only activates Src kinases but also JAK kinases, and Fes tyrosine kinase is preferentially active in myeloid cells (33) ; however, neither activated Fes, JAK2, nor JAK2(V617F) increased activation of (Runx1) 4 TKLUC by Runx1 (data not shown).
As the 4F mutation largely obviated Runx1 activity, we generated the 2F*, 2E*, 2F, and 2E variants, mutating Tyr-375/378 or Tyr-379/386 to Phe or Glu. We chose Glu rather than Asp as Glu has an extra methyl group and so might better mimic a bulky tyrosine residue. Runx1(2F*) was inactive, and Runx1(2F) had reduced activity, despite expression above WT, whereas the 2E* and 2E variants demonstrated increased activity, with expression similar to or less than WT ( Fig. 1D ). We also took advantage of the availability of single residue tyrosine variants and 2F in the context of FLAG-Bio Runx1 to compare their activities ( Fig. 1E ). 2F again manifested reduced activity, whereas each of the single residue variants had full activity, with expression of each variant similar to WT on Western blot analysis. Thus, dephosphorylation of at least two Runx1 C-terminal tyrosine residues is required to reduce trans-activation in 293T cells.
The CBF␤ subunit increases the DNA affinity of Runx1 and protects Runx1 from ubiquitination and proteasomal degradation. We co-transfected the (Runx1) 4 TKLUC reporter with WT, 5F, or 5D with or without CMV-CBF␤ ( Fig. 1F ). 293T cells manifest endogenous CBF␤, and increasing this level severalfold via exogenous transfection did not increase WT, 5F, or 5D activation of the reporter. The ability of exogenous CBF␤ to increase WT and 5F levels indicates that basal CBF␤ is limiting relative to WT or 5F expression. Also of note, whereas exoge-nous CBF␤ increased the level of WT and 5F, the already markedly elevated level of 5D was not further increased.
C-terminal Runx1 Tyrosine Phosphorylation Enables Myeloid Gene Induction-To determine whether Runx1 tyrosine phosphorylation is also needed for optimal activity in myeloid cells, 32Dcl3 cells were stably transduced with Runx1-ER(T) (WT-ER) or its 4F or 4E variants (4F-ER and 4E-ER) or with the empty pBABE Puro retroviral vector. Total cellular proteins prepared from pooled transductants were then analyzed for expression of the Runx1-ER fusion proteins and for the protein products of the Cebpa and PU.1 Runx1 target genes, in the absence or presence of 4HT ( Fig. 2A ). WT-ER and to a lesser extent 4E-ER increased expression of endogenous C/EBP␣ or PU.1 proteins at 24 h, whereas 4F-ER was ineffective, as confirmed by densitometry. Of note, WT-ER, 4F-ER, and 4E-ER proteins were expressed at similar levels in the presence of 4HT. As a more direct measure of Cebpa and PU.1 gene induction, total cellular RNAs from these same cultures were analyzed by quantitative RT-PCR ( Fig. 2B) . Again, WT-ER and 4E-ER, but not 4F-ER, induced Cebpa or PU.1 mRNA expression. To determine whether the four C-terminal Runx1 tyrosines are phosphorylated in 32Dcl3 cells, protein extracts from two WT-ER or 4F-ER subclones with similar expression of total Runx1-ER proteins were subjected to IP with ER␣ antiserum followed by Western blotting for phosphotyrosine ( Fig. 2C ). Both 4F-ER subclones manifested a reduced phosphorylated/ total Runx1/ER ratio, on average Ͼ3-fold. Finally, similar analysis was done using a pool of WT-ER cells cultured for 8 h with PP2, a pan-Src family kinase inhibitor, or DMSO vehicle ( Fig.  2D ). Src inhibition reduced WT-ER tyrosine phosphorylation in either IL-3 or G-CSF.
Tyrosine Modification Increases Runx1 Stability-The markedly increased expression of Runx1(5D) compared with WT or FIGURE 2. A, total cellular proteins from equal numbers (2E5) of 32Dcl3 cells stably transduced with pBABE Puro (Puro), Runx1-ER(T) (WT-ER), or its 4F-ER or 4E-ER variants and cultured Ϯ4HT for 24 h were subjected to Western blotting using ER␣, C/EBP␣, PU. 1, or ␤-actin antibodies. Fold-increases in C/EBP␣ or PU.1 induced by 4HT, normalized to ␤-actin, are shown. B, total cellular RNAs from these same cultures were subjected to quantitative RT-PCR analysis for Cebpa and PU.1 and for actin as internal control. The expression of Cebpa or PU.1, normalized to actin, is shown as a ratio of expression Ϯ4HT (mean and S.E. from three determinations). C, total cellular proteins from two WT-ER or 4F-ER 32Dcl3 subclones were subjected to ER␣ immunoprecipitation followed by Western blotting (WB) for phosphotyrosine. The ratios of phosphorylated/total WT-ER or 4F-ER are shown. D, pool of WT-ER-expressing 32Dcl3 cells was exposed to 20 M PP2 or DMSO control for 8 h, either in IL-3 or 24 h after transfer to G-CSF. Total cellular proteins were then subjected to ER␣ immunoprecipitation followed by Western blotting for phosphotyrosine. The ratios of phosphorylated/total WT-ER are shown. Ab, antibody.
5F and the increased expression of Runx1 in the presence of activated Src suggests increased Runx1 stability in response to tyrosine phosphorylation. To evaluate this further, Runx1 was expressed alone or with activated Src in 293T cells, followed by addition of cycloheximide (CHX). Protein expression was then evaluated over an 8-h period (Fig. 3A , panels 1 and 2). Src again induced markedly increased Runx1 expression at time 0, and this level was maintained for 8 h, whereas levels of Runx1 alone, although stable for 4 h, decreased markedly between 4 and 6 h post-CHX addition. Expression and stability of the 5F, 5D, 4F, and 4D variants were also evaluated in CHX, with data from a representative experiment from two repetitions again shown ( Fig. 3A , panels [3] [4] [5] [6] . At time 0, 5D and 4D were expressed at much higher levels than WT, 5F, or 4F, and while 5D and 4D levels were maintained through 8 h, the level of 5F or 4F decreased between 2 and 4 h; during this interval WT diminished 1.08-fold, 5F 1.37-fold, and 1.33-fold, as assessed by densitometry. The ability of Src to dramatically increase Runx1 levels indicates that in the absence of exogenous Src, the large majority of exogenous Runx1 lacks the full extent of tyrosine phosphorylation achieved upon Src expression. Overall, these data indicate markedly increased stability of 5D, 4D, or WT Runx1 ϩ Src compared with WT, 5F, or 4F. In addition, 5F and 4F appear to be mildly destabilized. Increased Runx1 stability and thus expression in response to tyrosine phosphorylation may contribute to increased Runx1 trans-activation potency.
We also evaluated whether co-expression of CBF␤ above basal levels present in 293T cells would increase the stability of WT Runx1 or 5F (Fig. 3A, panels 7-9 ). As described previously (20) , CBF␤ co-expression stabilized WT Runx1, which now remained constant from 0 to 8 h; 5F and 5D levels also remained constant throughout the 8-h period. Actin expression was not affected by CHX (Fig. 3A, panel 10) .
As a further assessment of relative stability, we co-expressed WT, 5F, or 5D with HA-ubiquitin in 293T cells. Extract volumes were then adjusted in an effort to equalize Runx1 input levels, although 5D levels remained about 2-fold above WT (Fig. 3B, left) , followed by Runx1 IP and HA Western blotting (Fig. 3B, center) . 5F manifested increased and 5D markedly decreased ubiquitination. Repeating this analysis with a 6-fold increased amount of 5D extract and obtaining a 3-fold longer autoradiographic exposure still led to a ubiquitination signal below WT (Fig. 3B, right) . Of note, the molecular mass of Runx1, 53 kDa, is similar to that of the strong IgH band evident in these blots.
As CBF␤ protects Runx1 from ubiquitination, we directly compared the ability of FLAG-Bio-tagged WT, 5F, and 5D to interact with CBF␤ by expressing these proteins together in FIGURE 3 . A, 293T cells in 6-well dishes were transfected with 1 g of CMV-Runx1 (WT), 0.25 g of WT ϩ 1 g of CMV-Src; 1 g of CMV-5F, CMV-5D, CMV-4F, or CMV-4D; 1 g of CMV-WT ϩ 1 g of CMV-CBF␤, 5F ϩ CBF␤, or 5D ϩ CBF␤. CHX was added for 0.5-8 h, and total cellular proteins from equal numbers of cells were then evaluated for Runx1 isoform expression by Western blotting. Actin expression was assessed on similarly cultured 293T cells exposed to CHX. B, 293T cells in 10-cm dishes were transfected with 2 g of CMV-WT, 1 g of CMV-5F, or 0.4 g of CMV-5D with 3 g of CMV-HA-ubiquitin (HA-Ub). Extracts prepared 2 days later were subjected to Runx1 Western blotting, with 1/12th volume of the 5D extract compared with the WT or 5F extracts loaded to equalize expression (left). In addition 0.5 mg of total cell lysates were subjected to rabbit anti-Runx1 immunoprecipitation followed by anti-HA (16B12) Western blotting, with 1/12th (center) or 1/2 (right) of the 5D immunoprecipitate loaded relative to WT or 5F. The position of immunoglobulin heavy chain (IgH) is shown. Ab, antibody. C, total cellular proteins from 293T cells in 10-cm dishes transfected with 1.5 g of CMV-CBF␤, 1.5 g of EF1␣-birA, and 3 g of EF1␣-FLAG-Bio WT, 3 g of EF1␣-FLAG-Bio 5F, or 10 ng of EF1␣-FLAG-Bio 5D were subjected to streptavidin-agarose pulldown followed by Western blotting of 2.5% input or pulldown samples using Runx1 and CBF␤ antisera. D, 293T cells in 6-well dishes were transfected with 2 g of Runx1 and 0 -5 g of HA-Cdc20 or HA-Cdh1 expression vectors. Total cellular proteins were then analyzed by Western blotting using Runx1, HA (Y-11), and ␤-actin antibodies. The relative intensities of the Runx1 bands, normalized to ␤-actin expression, are shown below each lane. E, 293T cells were transfected with 1 g of 5F or 0.5 g of 5D along with 0, 1, or 5 g of HA-Cdc20 or HA-Cdh1 expression vectors, followed by Western blot analysis using Runx1 or ␤-actin antibodies.
293T cells followed by streptavidin-agarose bead pulldown and CBF␤ Western blotting (Fig. 3C) . Streptavidin pulldown rather than Runx1 antiserum IP was utilized because of concern that the Runx1 antiserum might interfere with the Runx1-CBF␤ interaction. Using a markedly reduced amount of FLAG-Bio 5D expression vector, 80-fold less than FLAG-Bio WT, and 2.5-fold increased FLAG-Bio 5F expression vector, approximately equal amounts of WT, 5F, and 5D were present in the pulldown extract ( Fig. 3C, panel 1) , and a similar amount of CBF␤ interacted with each of these ( Fig. 3C, panel 2) . Thus, altered CBF␤ interaction does not account for reduced 5F and increased 5D stability compared with WT Runx1.
Potentially accounting for cell cycle regulation of Runx1 expression (34) , prior work demonstrated that the anaphasepromoting complex ubiquitin ligase promotes Runx1 degradation in cooperation with the Cdh1 and Cdc20 E3 co-activator proteins, with Cdh1 active against total Runx1 and Cdc20 selective for Ser-303-phosphorylated Runx1 (27) . We therefore also evaluated the ability of Cdh1 or Cdc20 to induce Runx1 degradation in comparison with its 5F or 5D variants. As seen previously, Cdc20 did not induce degradation of total Runx1, whereas Cdh1 reduced Runx1 protein expression in a dose-dependent manner, with data shown representative of four determinations (Fig. 3D ). The ability of 1 or 5 g of Cdc20 or Cdh1 to reduce expression of 5F or 5D was then assessed (Fig. 3E ). Cdc20 did not affect 5F expression, and in contrast with its effect on phospho-Runx1(Ser-303), co-transfection of Cdc20 paradoxically increased 5D expression as seen in the experiment shown and in a second independent experiment. Cdh1 induced 5F degradation in a dose-dependent manner similar to its effect on WT Runx1, as was also seen in a second experiment (data not shown). 1 g of Cdh1 reproducibly increased 5D expression, whereas 5 g of Cdh1 reproducibly reduced 5D expression, albeit Ͻ2-fold. These data indicate that the mark-edly increased stability of Runx1(5D) in part reflects its resistance to degradation by the anaphase-promoting complex.
Runx1 Tyrosine Phosphorylation Reduces HDAC Interaction-We previously demonstrated reduced Runx1c interaction with HDAC1 and HDAC3 in response to cyclin-dependent kinase modification of Ser-48, Ser-303, and Ser-424, potentially contributing to increased Runx1 activity when these serines are changed to aspartate, individually and additively in combination (23, 26) . HDAC1 and HDAC3 are the predominant HDACs that interact with Runx1, and they do so at least in part via the Runx1 C-terminal region that includes Runx1b Tyr-375/378/379/386 and Runx1c Ser-424, which corresponds to Runx1b Ser-396 (35) . Runx1 WT, 5F, or 5D were co-transfected with FLAG-HDAC1 or FLAG-HDAC3 in 293T cells, and total cellular extracts were subjected to IP with FLAG antibody-conjugated beads followed by Western blotting for Runx1 or FLAG (Fig. 4, A and B) . Relative to Runx1 isoform input, FLAG-HDAC1 had 5-fold reduced affinity for 5D and modestly increased affinity for 5F, and FLAG-HDAC3 had 3-fold reduced affinity for 5D and ϳ2-fold increased affinity for 5F, compared with WT. Co-expression of CBF␤ above basal levels in 293T cells with FLAG-HDAC3 did not alter the relative affinities of HDAC3 for WT, 5D, or 5F (Fig. 4C ). As a control WT Runx1 was transfected alone, followed by FLAG IP (Fig. 4D ). No nonspecific interaction of Runx1 with the FLAG-agarose beads was evident. In addition, birA was expressed alone or with FLAG-Bio WT Runx1, followed by streptavidin pulldown and Western blotting for Runx1 and phosphotyrosine (Fig. 4E ). Tyrosine phosphorylation was evident, potentially accounting for reduced affinity of WT compared with 5F for HDAC1 and HDAC3. These findings indicate that reduced interaction with HDAC1 and HDAC3 may further contribute to increased Runx1 trans-activation potency upon its Src-mediated tyrosine modification. A, 293T cells in 10-cm dishes were transfected with 5 g of CMV-WT, 0.4 or 0.2 g of CMV-5D, or 1 or 0.5 g of CMV-5F, together with 3 g of CMV-FLAG-HDAC1, and total cell extracts were prepared 2 days later. After FLAG IP, pulldown, or 10% of input, samples were subjected to Western blotting (WB) with Runx1 or FLAG antibodies. The ratio of IP/input Runx1 band intensity for each reaction is shown. B, similar experiment was conducted substituting CMV-FLAG-HDAC3. C, 293T cells were transfected with 1 g of CMV-WT, 0.5, 0.25, or 0.1 g of CMV-5D, or 0.5 g of CMV-5F together with 2 g of CMV-FLAG-HDAC3 and 2 g of CMV-CBF␤, followed by FLAG IP and Runx1 or FLAG Western blot analysis. D, 293T cells were transfected with 5 g of CMV-WT, followed by FLAG IP and Runx1 Western blot analysis. E, 293T cells were transfected with 3 g of EF1␣-birA, alone or with 3 g of EF1␣-FLAG-Bio Runx1, followed by streptavidin pulldown and Western blotting for Runx1 and phosphotyrosine. JANUARY 8, 2016 • VOLUME 291 • NUMBER 2
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Lack of Runx1 Tyrosine Phosphorylation Reduces DNA Affinity-To determine the effect of Runx1 tyrosine phosphorylation on its interaction with DNA, we first expressed WT Runx1 and its 5F, 4F, 2F*, 2F, 5D, or 4D variants in 293T cells and generated nuclear extracts. Predominant nuclear expression of WT, 5F, 5D, 4F, and 4D was verified by Western blotting of these extracts or cytoplasmic extracts from equivalent cell numbers for Runx1, lamin B (a nuclear protein), GAPDH (a cytoplasmic protein), or ␤-actin (Fig. 5A ). As CBF␤ increases Runx1 DNA affinity, we also generated extracts from cells expressing WT, 4F, or 4D with exogenous CBF␤. Equal amounts of each extract was analyzed for Runx1 expression by Western blotting (Fig. 5B, left) . 5D and 4D again demonstrated markedly increased expression. Co-expression of CBF␤ increased WT and 4F expression, reflecting its ability to stabilize Runx1, but 4D expression was reduced. To confirm this phenomenon, in a separate experiment, total cellular proteins isolated from 293T cells expressing 4F or 4D alone or with CBF␤ were analyzed similarly (Fig. 5B, right) ; again CBF␤ increased 4F but reduced 4D expression.
These nuclear extracts were then subjected to the electrophoretic mobility shift assay (EMSA) using a radiolabeled Runx1-binding site (Fig. 5C ). As expression of WT Runx1 was reduced compared with 5F or 4F, two levels of the Runx1 extract were utilized, one equal in amount to the other extracts (WT) and one twice the amount (Fig. 5C, WT) . Efforts to reduce the volume of the 5D or 4D extracts to equalize total Runx1 protein led to complete absence of DNA binding, potentially reflecting dilution of CBF␤ or another cooperating factor (data not shown). In the absence of exogenous CBF␤ and despite the FIGURE 5 . A, 293T cells in 10-cm dishes were transfected with 6 g of CMV (Ϫ) or CMV vectors expressing WT Runx1 or its 5F, 5D, 4F, or 4D variants. Nuclear (N) and cytoplasmic (C) extracts from equal cell numbers, prepared 48 h later, were subjected to Western blotting for Runx1, lamin B, GAPDH, or ␤-actin. B, 293T cells in 10-cm dishes were transfected with 6 g of CMV (Ϫ) or CMV vectors expressing WT Runx1 or its 5F, 4F, 2F*, 2F, 5D, or 4D variants alone, or 3 g of CMV or WT, 4F, or 4D with 3 g of CMV-CBF␤. 20 g of nuclear extracts prepared 48 h later were subjected to Western blotting (WB) using Runx1 antiserum (left). 293T cells in 6-well dishes were transfected with 1 g of 4F or 4D, alone or with 1 g of CBF␤, and total cellular proteins prepared 48 h later were subjected to Western blotting using Runx1 and ␤-actin antibodies (right). C, 6 g of each nuclear extract were subjected to electrophoretic mobility shift analysis (EMSA) using a radiolabeled 32-bp double-stranded oligonucleotide containing a central consensus Runx1-binding site derived from the myeloperoxidase promoter. In addition, lanes with 12 g of the WT or WTϩCBF␤ extracts (WT) were included. *indicates location of the specific gel shift band. D, Runx1 WT, 5F, or 5D, as well as CBF␤, were generated by in vitro transcription-translation (IVT) using 1 g of linearized pcDNA3 expression vectors in a 50-l reaction. Equal volumes, together with control reticulocyte lysate (Ϫ), were subjected to Western blotting for Runx1 and CBF␤ (top). In addition, expression of 5F generated with or without 25 M MG132 was analyzed similarly (bottom). E, after equalizing WT, 5F, and 5D protein based on densitometry, these samples as well as control lysate were analyzed for DNA binding by EMSA, alone or with addition of 7 l of CBF␤ lysate. F, 1E6 32Dcl3 Puro, WT-ER, 4F-ER, or 4E-ER cells cultured for 24 h in 4HT were subjected to ChIP assay using 2 g of rabbit IgG or rabbit-anti-ER␣ (ER) antiserum followed by quantitative PCR using genomic primers specific for the ϩ37-kb Cebpa enhancer, the Ϫ14 kb-PU.1 enhancer, the Ϫ2.5-kb Cebpa promoter region, or the ␤-actin promoter. Relative binding of WT-ER to each of these elements (left) or of WT-ER, 4F-ER, and 4E-ER to the Cebpa enhancer (center) or the PU.1 enhancer (right) is shown, with signal obtained with IgG in Puro cells set to 1.0 for each primer pair (mean and S.E. from three determinations).
presence of endogenous CBF␤, 5F, 4F, 2F*, and 2F had markedly reduced DNA affinity compared with WT, 4D, or 5D. The reduced affinity of 4F relative to WT or 4D was retained even in the presence of exogenous CBF␤; of note, in this setting 4F and 4D were expressed at similar levels.
C-terminal truncation increases Runx1 DNA affinity, indicating the presence of a negative regulatory domain that could potentially be regulated by tyrosine modification (18, 19) . To determine whether Runx1 5D manifests increased DNA binding in the complete absence of CBF␤, WT, 5F, 5D, and CBF␤ were expressed separately using in vitro transcription translation. Interestingly, Western blot analysis of equal volumes of translated proteins demonstrated reduced amounts of 5F and increased amount of 5D, relative to WT (Fig. 5D, top) . The abundant hemin present in reticulocyte lysates is thought to inhibit proteasome activity; nevertheless, we also determined whether inclusion of the proteasomal inhibitor MG132 would increase 5F expression (Fig. 5D, bottom) ; no increase was evident. Gel shift analysis was then conducted with in vitro transcription translation WT, 5F, and 5D, with their volumes adjusted based on densitometry to equalize total Runx1 protein alone or with CBF␤ (Fig. 5E ). In the absence of CBF␤, minimal DNA binding was evident, although affinity of 5F appears to be less than WT or 5D. Upon addition of CBF␤, DNA affinity of each Runx1 variant increased markedly, with 5F again showing reduced affinity. Thus, tyrosine modification of Runx1 does not relieve its dependence upon CBF␤ for high DNA affinity.
Finally, to determine whether the ability of Runx1(WT)-ER(T) and Runx1(4E)-ER(T) but not Runx1(4F)-ER to induce endogenous Runx1 target gene expression in 32Dcl3 myeloid cells in part reflects their differential ability to bind relevant regulatory DNA elements, we conducted ChIP assays using pooled 32Dcl3 cell lines expressing these transgenes. WT-ER demonstrated strong binding to the Cebpa ϩ37-kb and the PU.1 Ϫ14-kb enhancers, which contain functional Runx1binding sites, but not to Ϫ2.5 kb within the Cebpa locus or the ␤-actin promoter, which lack such elements (Fig. 5F, left) . 4E-ER occupancy of these enhancers was similar to WT-ER, whereas 4F-ER occupancy was reduced 5-8-fold (Fig. 5F , center and right). Thus, consistent with the gel shift data, WT and 4E manifest markedly increased affinity for two enhancers harboring known Runx1-binding sites.
Runx1 Tyrosine Phosphorylation Facilitates Granulopoiesis-We previously demonstrated that transduction of Runx1(f/f) marrow with Cre impairs in vitro formation of granulocyte colony forming units (CFU-G) and that exogenous Runx1 rescues granulopoiesis upon Runx1 gene deletion (4). To compare Runx1, 5F, and 5D in this regard, their cDNAs were introduced into the MIGC retroviral vector in which the MSCV LTR directs expression of a Runx1-IRES-GFP-Cre mRNA that will simultaneously express Runx1 or its variants together with a GFP-Cre fusion protein. MIG, which only expresses GFP, serves as a control (Fig. 6A) . Runx1(f/f) marrow, isolated from mice exposed 6 days earlier to 5-fluorouracil to draw stem and progenitor cells into a cycle, was transduced with MIG, MIGC, or MIGC expressing WT, 5F, or 5D. Four days later, transduced marrow was lineage-depleted, and GFP ϩ cells were isolated, and total cellular RNA was analyzed for Runx1 expression (Fig.  6B ). Endogenous Runx1 mRNA was reduced 10-fold by MIGC compared with MIG, indicative of efficient Runx1 gene deletion. Exogenous WT, 5F, and 5D were each expressed at similar levels, about 6-fold higher than endogenous Runx1. Equal numbers of flow-sorted, Lin Ϫ GFP ϩ cells were plated in methylcellulose with IL-3, IL-6, and stem cell factor, and myeloid CFUs were enumerated 8 days later (Fig. 6C, left) . As seen previously, MIGC-mediated Runx1 gene deletion markedly reduced the proportion of CFU-G and WT Runx1 fully rescued granulopoiesis. In addition, 5D rescued CFU-G formation more effectively than 5F, albeit less effectively than WT. Reduced efficacy of 5D compared with WT may reflect the fact that an aspartate residue does not perfectly mimic phosphorylated tyrosine. The abilities of WT Runx1, 2F*, and 2E* to rescue granulopoiesis were compared in a separate set of experiments (Fig. 6C, right) . 2E* increased CFU-G formation to a level similar to WT, whereas 2F* was less effective. Thus, Runx1 5D or 2E* induced granulopoiesis more effectively than 5F or 2F*.
RNAs isolated from transduced Lin Ϫ GFP ϩ cells were also analyzed for Cebpa or Pu.1 (Fig. 6D ). As seen previously (4), Runx1 gene deletion reduced Cebpa more effectively than Pu.1; exogenous WT Runx1 rescued Cebpa expression, and transduction of 5D, but not 5F, also increased Cebpa, albeit mildly. Finally, total cellular proteins from Lin Ϫ GFP ϩ cells transduced with WT, 5F, or 5D were subjected to Western blotting for Runx1, C/EBP␣, PU.1, and ␤-actin (Fig. 6E ). Levels of WT Runx1 and its 5F variant were similar, whereas 5D was expressed at a 2.4-fold increased level, consistent with increased stability of Runx1(5D) also in immature marrow myeloid cells. Also consistent with the RNA data, 5D increased C/EBP␣ 1.3-fold compared with 5F.
Discussion
This study demonstrates that Runx1 tyrosine phosphorylation, by Src or potentially other kinases, increases its transactivation potency in 293T and in 32Dcl3 myeloid cells. Potentially accounting for increased Runx1 trans-activation potency, we find that tyrosine phosphorylation increases Runx1 stability, reduces Runx1 interaction with HDAC1 or HDAC3, and increases its DNA affinity. In addition, Runx1 tyrosine phosphorylation facilitates rescue of granulopoiesis in the absence of endogenous Runx1.
Whether Runx1 tyrosine phosphorylation leads to increased trans-activation potency in other lineages remains to be determined; variations could, for example, reflect different levels of HDAC or anaphase-promoting complex component expression. In contrast to our findings during granulopoiesis, Runx1(5F) but not 5D rescues CD8 T cell development from Runx1-deleted marrow and induces megakaryopoiesis from wild-type marrow (28) . Runx1 represses CD4 expression in CD4 Ϫ CD8 Ϫ immature thymocytes, and Runx3 represses CD4 in CD4 Ϫ CD8 ϩ T cells (36) . In addition, Runx proteins repress the gene encoding Th-POK, a key mediator of CD4 T cell formation (37) . If Runx1(5F) lacks trans-activation activity in these T cell subsets as in 293T cells, perhaps it dominantly represses the CD4 and Th-POK enhancers to restore CD8 T cell formation when introduced into Runx1-deleted marrow cells. Whether Runx1 contributes to megakaryopoiesis predominantly through gene activation or gene repression remains to be elucidated. Of note, during megakaryopoiesis Runx1 binds and represses the Klf1 promoter, associated with reduced histone acetylation, to suppress the erythroid program (38) .
Src phosphorylates Runx1 Tyr-260 and a cluster of four neighboring tyrosines, Tyr-375, Tyr-378, Tyr-379, and Tyr-386. Mutation of the C-terminal cluster but not Tyr-260 to phenylalanine impaired Runx1 trans-activation, with mutation of Tyr-375/378 or Tyr-379/386 sufficient to reduce activation, whereas mutation of either of these tyrosine pairs to glutamate had the opposite effect. In contrast, mutation of individual tyrosines to phenylalanine did not impair Runx1 activity.
Determination of the precise set of tyrosines modified by Src in vivo and whether additional tyrosine kinases can modify any or all of these tyrosines remain to be determined, although we found both activated Fes and activated JAK2 incapable of stimulating Runx1 activity, in sharp contrast to the strong synergy seen between Src and Runx1. Of note, mice lacking the Src family kinases Lyn, Hck, and Fgr have normal neutrophils and CFU-G numbers, PP2, a pan-Src inhibitor, did not impair in vitro granulopoiesis in response to G-CSF (39) , and our finding that PP2 reduces Ruinx1-ER phosphorylation in 32Dcl3 cells must be interpreted with the understanding that PP2 likely has off-target effects; thus, Src kinases may not be the only or even the most relevant tyrosine kinases regulating Runx1 during granulopoiesis. In contrast to their role during normal myeloid development, reduced activity of Src or other tyrosine kinases capable of modifying Runx1 or increased SHP2 activity could contribute to myeloid transformation by reducing Runx1 activity, as commonly occurs due to chromosomal translocations or point mutations directly affecting the RUNX1 gene (12, 13) .
The C terminus of Runx1 binds HDAC1 and HDAC3, and this binding is modulated by Ser-424 phosphorylation by cyclin-dependent kinases (23, 35) . Herein, we demonstrate that mutation of the C-terminal tyrosine cluster to aspartate markedly reduces this interaction, with mutation to phenylalanine conversely reducing HDAC binding. Besides HDACs, Runx1 interacts with multiple additional co-repressors or co-activators whose affinity for Runx1 might be modulated by its tyrosine phosphorylation, including p300, CBP, MOZ, TAZ, MLL, PMRT1, YAP1, Sin3A, SUV39H1, Sin3A, SMRT, and TLE (40) . We focused here on HDACs as among these they contact Runx1 most specifically in the vicinity of the Tyr-375/378/379/ 386 cluster, but it will be important in future studies to examine the effect of Runx1 tyrosine modification on its interaction with additional cofactors. Runx1(5D) manifested markedly increased steady-state expression and stability in CHX, had markedly reduced steadystate ubiquitination, and was severalfold more resistant to HA-Cdh1-mediated degradation, compared with WT Runx1. Also, Runx1(5F) manifested mildly reduced half-life in CHX and increased steady-state ubiquitination compared with WT Runx1. Reduced 5F stability and its increased HDAC affinity compared with WT might reflect partial tyrosine modification of WT in 293T cells.
Finally, Runx1(4F) or 5F demonstrated reduced DNA binding in EMSA, compared with WT, 4D, or 5D. Consistent with reduced DNA affinity in the absence of tyrosine modification, 4F-ER had markedly reduced contact with the Cebpa or PU.1 enhancers in 32Dcl3 myeloid cells, compared with WT-ER or 4E-ER, as assessed by the ChIP assay.
CBF␤ increases Runx1 stability and DNA binding (16, 17, 20) . Reduced reporter trans-activation by Runx1(5F) was not rescued by exogenous CBF␤, although both WT and 5F were stabilized by CBF␤ in the presence of CHX. Similarly, co-expressed CBF␤ did not modify the reduced affinity of 5D or the increased affinity of 5F for HDAC3 or the reduced affinity of 4F or 5F for DNA. In addition, WT, 5F, and 5D manifested similar binding to CBF␤ as assessed by co-IP, and despite the fact that C-terminal deletion of Runx1 markedly increases its DNA affinity (18, 19) , Runx1(5D) only manifested minimal DNA binding in EMSA when expressed in vitro in the absence of CBF␤, indicating that tyrosine phosphorylation of Runx1 does not substitute for its interaction with CBF␤ to relieve autoinhibition of DNA binding, and absence of Runx1 tyrosine modification does not limit access of CBF␤ to the DNA-binding Runt domain. Perhaps the absence of C-terminal Runx1 tyrosine phosphorylation allosterically modifies the conformation of the Runt domain even when bound to CBF␤.
In summary, Runx1 tyrosine phosphorylation increases its activity in 293T and 32Dcl3 myeloid cells and perhaps in other lineages by increasing Runx1 stability and DNA affinity and by reducing its interaction with HDACs, independent of effects on Runx1 interaction with CBF␤. Induction of Cebpa or PU.1 by tyrosine-phosphorylated Runx1, mediated by Src family and/or other kinases, may contribute to granulopoiesis. 
